Introduction
It is now clear that Graves' disease is caused by thyroid-stimulating antibodies (TSAb)' which both bind to and stimulate the thyrotropin-stimulating hormone (TSH) receptor (1) (2) (3) (4) (5) . A remarkable property of TSAb is that the activity is often confined to antibodies with only a single class of light chain. Although two studies (6, 7) reported that in most cases (17 out of t Deceased.
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1. Abbreviations used in thispaper: LATS-B, long acting thyroid stimulator-B; M/TPO, microsomal antigen/thyroid peroxidase; Tg, thyroglobulin; TSAb, thyroid-stimulating antibodies. 19 in total) only the lambda light chain was found in TSAb, we have found a more mixed pattern (8) , in which some TSAb are lambda light chain restricted, some are kappa light chain restricted, and some are apparently unrestricted. Overall however, these results indicate that in many patients with Graves' disease there is restricted heterogeneity in the use of light chains by T §Ab, which contrasts the unrestricted light chain heterogeneity of thyroglobulin (Tg) and microsomal antigen/ thyroid peroxidase (M/TPO) antibodies (9) . Bioactivity ofTSAb requires the appropriate physical combination of both heavy and light chains (6, 10) , suggesting that restriction oflight chain type might be accompanied by restriction of heavy chain isotype. That TSAb may not be polyclonal is of importance in understanding the etiology of the disease. Moreover, the IgG subclass may have a major bearing on the functional capabilities ofan antibody, in particular with regard to complement fixation (11, 12) . Although complement activation is not necessary for the bioactivity of TSAb, we have found that terminal complement complexes can be identified around the thyroid follicles in Graves' disease, and such complexes are also elevated in the serum of these patients (13) . These may relate to TPO antibody formation, and the paucity of TSH receptors on thyroid cells may preclude cross-linking and complement fixing. However, if TSAb did fix complement, this could modify the action of these antibodies on thyroid cells, in keeping with the effect of sublytic amounts of complexes on other cell types (14) . We have therefore fractionated 11 Graves' sera by depletion of all but a single IgG subclass, using monoclonal anti-IgG subclass affinity columns to determine whether there is restricted heterogeneity of TSAb in heavy chain usage.
Methods
Serum. Samples were obtained from nine patients with Graves' disease, selected by prior assay for high TSAb potency. In addition we used long acting thyroid stimulator-B (LATS-B) (NIBSC Research Standard B, 65/122) and a new candidate reference material (coded 9/11), both of which were obtained from the National Institute of Biological Standards and Control, Mill Hill, London. Each ofthese are freeze dried preparations of dilutions of patient sera that have been selected for their high potency in the LATS in vivo bioassay. They were reconstituted in the appropriate volume of sample buffer (see below) before use and designated patients F and G, respectively. Sample preparation. IgG subclass depletion was performed using affinity columns as described in detail elsewhere (15). Monoclonal antibodies against IgG subclasses, described in detail elsewhere (16) , were coupled to cyanogen bromide-activated Sepharose CL 4B (Pharmacia Fine Chemicals, Uppsala, Sweden) at a concentration of 5-10 mg antibody/ml of packed beads; > 99% binding of each monoclonal antibody was achieved. Free sites were blocked with 2 M glycine, and small scale columns for each coupled monoclonal reagent were tested for absorptive capacity using normal serum. From these results, three mixed bed columns were made with appropriate volumes of gel to isolate total IgG1, IgG2, and IgG4. IgG1 preparation used beads coupled to HP6014 (anti-IgG2; 4 ml), HP6002 (anti-IgG2; 0.5 ml), HP6047 (anti-IgG3; 3.5 ml), and HP6025 (anti-IgG4; 3.5 ml); IgG2 preparation used HP6069 (anti-IgG0; 4.5 ml), HP6019 (anti-non-IgG2; 4 ml), HP6047 (2 ml) and HP6025 (3 ml), and IgG4 preparation used HP6069 (5.5 ml), HP6014 (3.5 ml), HP6002 (0.5 ml), and HP6047 (3.5 ml). IgG3 was prepared with a 3-ml column of protein A coupled to Sepharose 4B (Pharmacia Fine Chemicals) (Table I) . Total IgG3 was prepared using protein A coupled to Sepharose 4B (Pharmacia Fine Chemicals). As a control, to assess any contribution from potential stimulators in serum such as IgA or IgM (which remained in each subclass depleted fraction), serum was also passed over a column composed of protein A (3 ml gel) and HP6047 (3 ml) to deplete all IgG; this fraction was termed non-IgG. The non-IgG fractions also formed individual patient controls against which the IgG subclass fractions were assessed in the TSAb bioassay (see below).
To isolate each isotype, 200 gl of serum was applied to each column, which had been previously equilibrated with five bed volumes of run buffer (0.5 M NaCl, 0.01 M Tris-HCI, pH 8.0), and collected under gravity with absorbance monitoring at 280 nm. For IgG1, IgG2, and IgG4, preparations ofthe appropriate three fractions were pooled; only two fractions were required for the IgG3 and non-IgG preparations. Bound material was eluted from the columns with 3 M Na thiocyanate (SCN), discarded, and the columns reequilibrated in run buffer before the next run. The appropriate pooled fractions were concentrated (Minicon concentrator type 8-15; Amicon Corp., Danvers, MA) and dialyzed against assay buffer (see below) before use.
Assays. The four IgG subclass concentrations of all serum samples and subclass-depleted fractions were determined by immuno-enzymometric assay (17) . The same assay method was used to determine IgM concentrations in serum and non-IgG fractions, so that nonspecific losses in the recovery of the latter could be estimated. In this case, the monoclonal antibody HP6083, against IgM, was used to coat the plates (1: 1,000 dilution of ascites in water) as described for the assay for the IgG subclasses (17) . The assay was developed after the addition of sample, using goat anti-human IgM-alkaline phosphatase conjugate (17) . Before commitment of the samples for the TSAb bioassay, the fractions, and in some cases, the unfractionated sera were dialyzed overnight against the bioassay buffer (5 mM KC1, 1.3 mM CaCl2, 0.4 mM Mg2SO4, 0.34 mM Na2HPO4, 0.44 mM KH2PO4 20 mM Hepes, 1% glucose, 25 mM NaCl, 0.4% BSA, and 2 mM IBMX, with a dialysis membrane exclusion point mol wt 12,000). Finally, the relative concentrations of the four subclass fractions derived from a given serum were adjusted (relative to the IgG1 concentration) to reflect those in the original serum. The IgG concentrations ofthe fractions containing IgG subclass I that were assayed for Fig. I were as follows: A, 0.93; B, 0.42; C, 0.90; D, 0.45; E, 0.90; F(LATS-B), 0.03; G, 0.07; H, 0.52; I, 1.0; J, 0.53; and K, 0.66 mg/ml. The low apparent yield for patients F(LATS-B) and G was the result of predilution of these reference preparations before distribution (see above). The sera tested concurrently in the assays were also diluted to give the same IgG, concentrations as each individual IgG, fraction; in this way the sera contained the same IgG2, IgG3, and IgG4 concentrations as the respective fractions that were assayed simultaneously. The dilution of non-IgG was the same as for IgG1, as it contained 72±16% of the starting IgM concentration, predicting a recovery of non-IgG serum component within the range of the IgG1 fraction. The mean value for the non-IgG for each patient was always normalized to be 100%. Since Fig. 1 is constructed from the results of separate experiments, no SD can be attached to this mean. Individual non-IgG values however were always obtained and used to show that there was no activity in individual fractions other than IgGI.
The potencies of the fractions were tested in a TSAb assay which relied upon the stimulation of cAMP production by FRTL-5 cells. As described in detail elsewhere (18) , these cells were manipulated before the bioassay as follows. They were initially plated out at 2 X 105 cells/ml in 24-well microtiter plates (500 Ml/well; Nunc Multidish 24, Nunclon Delta 1-43982; Nunc, Roskilde, Denmark), in the following medium: Coon's modified F-12 medium supplemented with 5% newborn calf serum; and (per milliliter) 1 mU TSH, 1 Ojg insulin, 10 mM cortisol, 5 Mg transferrin, 10 ng glycyl-L-histidyl-L-lysine acetate, I0 ug somatostatin, 100 U penicillin, and 100 Mg streptomycin (this is termed 6H medium). All incubations were at 37°C in 95% air/5% CO2 atmosphere in a humidified incubator. After 3 d the 6H medium was replaced by fresh medium from which the TSH had been omitted (5H). After a further 7 d, including one additional medium change with 5H, the cells were used for the TSAb assay. For this bioassay, SH was replaced with the dialyzed fractions described above, and the cells incubated for 4 h. The cAMP concentration in the medium was then determined by an in-house radioimmunoassay, using a specific antiserum kindly donated by Dr. Brent Williams of the University of Edinburgh, or by Professor A. M. McGregor, Kings College Hospital, London. Each fraction was assayed using three separate microcultures with each cAMP determination in duplicate. The final results were expressed as the percentage of cAMP formed in the presence of the non-IgG fraction obtained from the same patient. The non-IgG fractions did not significantly change the cAMP from that observed in the presence of bioassay buffer.
All fractions were also tested for Tg, M/TPO, and tetanus toxoid antibodies by ELISA (I15). Results were expressed as a percentage ofthe total absorbance, derived from the sum of absorbances for all four subclass fractions (after subtracting the background absorbance of an antibody negative serum control).
Results
Purity and yield ofsubclasses. The purity of each fraction was assessed by comparing the amount of each depleted subclass remaining in the fraction (three subclasses per fraction) with the amount of that subclass in the starting sample. The IgG1, IgG2, and IgG3 fractions were all > 99% pure (i.e., for IgG1, less than 1% ofthe original IgG2, IgG3, or IgG4 remained, etc.). The IgG4 fractions were all > 99% pure with respect to IgG2 and IgG3, and 98% pure with respect to IgG1. The non-IgG fraction contained < 1% of the original IgG1, IgG2, IgG3, or IgG4. The mean (±SD) yield, as a percentage of the starting concentration of each subclass in the 11 samples, was IgG, 71±15, IgG2 63±26, IgG3 73±20, and IgG4 71±19%. Although roughly similar yields were obtained for each subclass, these fractions were nonetheless adjusted by appropriate dilution so that subclass concentrations for each specimen were proportional to those in the original serum before performing antibody assays. For the non-IgG fraction, the mean (±SD) yield of IgM was 72±16% of the starting concentration, and these fractions were used at the same dilutions as the IgG, fraction without further adjustment.
TSAb activity in subclass fractions. In all 11 specimens, TSAb activity was apparently confined to the IgG1 subclass with the other three subclass fractions, as well as the non-IgG fraction, being inactive ( Fig. 1) . In a separate experiment using fractions prepared from a second serum sample taken from patient A, the IgG concentration of the IgG, fraction was diluted to equal that ofthe IgG4 fraction (0.071 mg/ml) and to be below those of the IgG2 and IgG3 fractions. Greater than 3.5fold stimulation above the non-IgG control was still obtained with the IgG, fraction (Fig. 2 ), but TSAb activity was undetectable with the IgG2 and IgG3 fractions, and the slight increase with IgG4 was insignificant (P > 0.05). In addition, this figure shows a comparison between serial dilutions of unfractionated serum and the IgG, fraction, when within the limits of experimental error, a virtually parallel dose-response relationship was observed, and we confirmed the good recovery of TSAb activity in the IgG, fraction.
As can be seen from Fig. 1 , this restriction occurred over a wide range of TSAb potencies, and was also observed for the International Reference Preparation, LATS-B. For six other specimens besides A (B, C, E, H-J), sufficient serum remained after fractionation to assay TSAb concurrently in the unfractionated material, and in all six cases the total bioactivity in the starting serum was recovered in the IgG, fraction (Fig. 1 ). The Figure 1 . TSAb bioactivity of the IgG subclass fractions for patients A-K, including the reference preparations LATS-B and 9/1 1.
The latter is designated patient G. The results are expressed as the percentage of the cAMP formed by the FRTL-5 cells in the presence of the non-IgG fraction prepared from each patient (n = 3±SD). The non-IgG fraction (shown as N = 100%) did not significantly alter the cAMP formed from that observed in the presence of bioassay buffer alone. S represents dialyzed serum and the numbers 1-4 denote IgG subclass fractions 1-4, respectively. mean recovery for these six was 101±16% (SD) (range 82-121%). To ensure that these findings were reproducible, two of the samples were fractioned on two separate occasions with essentially similar results (not shown).
Because IgG3 and IgG4 each only comprise about 5% ofthe total IgG concentration, these two fractions were tested at a higher concentration than simply that proportional to the IgG, concentration in whole serum, as in Fig. 1 . A third serum sample from patient A (1 yr after the original sample in Fig. 1) , and serum remaining from patients H and I was separated into an IgG, fraction (from 200 Ml serum) as previously described, with ml of serum separated (in 200-id aliquots) into IgG3 or IgG4 fractions. No TSAb activity was detected in these fractions despite the increase in the IgG3 and IgG4 concentrations I n r o n to 19-48% of that of the IgG, tested (Table I) . It can also be seen that all of the detectable reactivity in the whole serum from patient A was recovered again in the IgG1 fraction, as in Fig. 2 . It was interesting that two ofthese sera had been previously assayed for light chain restriction (8) . These were specimen D which was lambda light chain restricted and specimen C which contained both lambda and kappa light chains. However, both sera appeared to be equally IgG, heavy chain restricted.
Subclass activity ofantibodies to Tg, M/TPO, and tetanus toxoid. This IgG subclass restriction was not found for antibodies (in the same fractions) against tetanus toxoid, Tg, or M/TPO, which were present in three, four, and seven of the subjects, respectively. As in Hashimoto's thyroiditis (15), Tg and M/TPO antibodies were predominantly IgG1, IgG2, and
IgG4 (Table II) . There was proportionally more activity in the IgG4 fraction than would be expected from the low concentration of this subclass in serum (about 5% of the total IgG). The distribution of activity for antibodies against tetanus toxoid was variable but again present in IgG1, IgG2, and IgG4 (Table  II) , with two of the three patients showing overrepresentation of the IgG4 subclass (26 and 76% of the total IgG antibody activity).
Discussion
Previous attempts to determine the IgG subclass distribution ofthe TSH receptor antibodies have suggested restricted heterogeneity, but the results have been inconclusive due to the lack of purity ofthe fractions obtained. Protein A depletion of IgG3 showed that there was no long-acting thyroid stimulator activity in this subclass (19) , and pH gradient elution of protein A-bound IgG showed that the major (but not unique) component of TSH receptor binding activity resided in the IgG, plus IgG4 fraction (20) . However, further fractionation was not possible using this technique. In the original report of light chain restriction of TSAb, an attempt was made to characterise the IgG subclass distribution by protein A separation and by sequential affinity chromatography using polyclonal antisera against the IgG subclasses (6) . None ofthe nine sera tested contained IgG3 subclass TSAb. In the case of two of these sera, all of the TSAb activity was recovered in the IgG1 fraction after removal ofthe IgG2, IgG3, and IgG4 subclasses, and in a third sample a slight diminution was found after removing IgG2 from the IgG, plus IgG2 fraction. With this minor exception, the results were compatible with IgG1 subclass restriction of TSAb, although it was not technically feasible at that time to assay the IgG2 and IgG4 fractions. The recent development of monoclonal antisubclass reagents has greatly facilitated the analysis of antibody IgG subclass distribution, providing large quantities of highly specific reagents, albeit without the capacity of protein A. We and others have developed affinity columns using such monoclonal antibodies to select negatively for a single IgG subclass (15, 21, 22) ; the mixed bed columns we have used are easier to manipulate than the sequential columns described by others and produce a higher yield of pure subclasses.
The present results in Graves' disease for Tg and M/TPO antibodies are similar to those in Hashimoto's thyroiditis (showing unrestricted activity), with proportional overrepresentation of the IgG4 subclass compared with the low proportion of this in total IgG although there was variation between patients (15). Direct assay of whole serum (by ELISA) for IgG subclasses had previously suggested a predominantly IgG4 subclass response, particularly for Tg antibodies, with little or no contribution from IgG2 or IgG3 (23, 24) , although this depended on the exact monoclonal reagents used in the assay (25) . Again, there was considerable variation between patients with these assays. Affinity chromatography of serum containing Tg and M/TPO antibodies (using the methods now employed for TASb) confirmed this variability, demonstrating that the contribution from IgG4 is less, and from IgG2 more, than these assays would predict, and permitting functional analysis of the subclasses, which revealed a high relative functional affinity for the IgG2 subclass Tg and M/TPO antibodies (15 fractions were added at higher proportions than in unfractionated serum (Table I and Fig. 2 ), such that they were increased to 19-64% of that of IgG1; but even at these relatively high concentrations, no TSAb activity was detected in the IgG2-IgG4 fractions. (A similar interpretation could also be made for the IgG3 and IgG4 fractions in patients H and I, although a dose-response study was not performed.) These findings support the possibility that in all seven cases tested, the whole serum TSAb activity was likely to have been fully recovered in the IgG, fraction. In contrast, the IgG2, IgG3, and IgG4 fractions in the patients studied, which showed no TSAb activity, were found to contain Tg, M/TPO, or tetanus toxoid antibodies. These observations confirm and extend the report of Zakarija (6), providing further evidence for restricted heterogeneity of TSAb with regard to heavy chain usage. It is notable that one serum (C), which when tested previously did not show light chain restriction (8) , nevertheless was IgG, restricted.
The regulation ofmurine antibody isotype secretion occurs at two levels, cognate interaction between T and B cells and interaction between T cell-derived lymphokines and B cells (26) . Recently IL-4 has been defined as an important lymphokine regulating IgE and IgG4 subclass antibody production in man (27) . Although it is possible that the isotype restriction we have observed for TSAb may be the result of T cell control, this does not easily account for the fact that all thyroid antibodies are synthesized together in the diseased gland (28, 29) ; it is difficult to envisage how aberrant T cell regulation could affect TSAb IgG isotype selection and not that of Tg or M/TPO antibodies.
Moreover, TSAb are usually light chain as well as IgG isotype restricted, and earlier data showed an additional restriction of isoelectric point (30). These findings suggest that TSAb may be the product of a few clones or indeed, in some patients, a single clone of B cells. Patients with unrestricted light chain usage (e.g., C), theoretically could have only two clones of cells producing TSAb. This situation contrasts that for Tg and M/TPO antibodies, which are light and heavy chain unrestricted; this in turn may be related to differences in pathogenicity of these autoantibodies. Tg and M/TPO are common in the general population, presumably because their effects are often not deleterious, in contrast to TSAb, which produce Graves' disease, making evolutionary pressure against the occurrence of TSAb much greater (31) . Our evidence therefore supports the pauciclonality hypothesis of TSAb-producing B cells (7, 31) .
